Abstract The sub-therapeutic use of tylosin in commercial swine operations can produce selective pressure for the development of antibiotic resistant bacteria. When swine manure from such operations is applied on drained agricultural fields, it can lead to transport and dissemination of resistant microorganisms through soils, into tile drainage lines, and ultimately into surface waters. The objective of this study was to investigate the occurrence and transport of tylosin-resistant enterococci from two different tile-drained agricultural fields receiving biennial swine-waste applications during different seasons. Resistance to tylosin in manure, soil, and tile water was investigated by a phenotype-based method and polymerase chain reaction. All enterococci in manure samples obtained from the spring application were resistant to tylosin, whereas 68 % of the total enterococci from the fall application were resistant to tylosin. Average concentrations of total and tylosin-resistant enterococci in soil samples over the two sampling periods were 9.8×10 3 and 7.5×10 3 cfu/g of soil, respectively. Total and tylosinresistant enterococci concentrations in tile water collected from the two plots were significantly different (P<0.05) during the spring and fall experiments. In drainage water, the total enterococci peaked at 2.6×10 3 and 5.0×10 3 cfu/100 mL for the fall and spring experiments, respectively, while tylosin-resistant enterococci peaked at 1.4×10 3 and 1.2×10 3 cfu/100 mL for the fall and spring experiments, respectively. Total suspended solid concentrations in tile water were correlated with enterococci concentrations when base flow was present. Seven out of eight macrolide-resistance genes tested were detected (ermA, ermB, ermC, ermF, ermT, ermX, and msrA, but not mefA). Five of these genes (ermB, ermC, ermF, ermT, and msrA) were detected in at least 9 % of the samples. On average, most of the phenotypically resistant isolates (97 %) harbored msrA, while only 10 % contained ermT and 9 % contained ermC. Genes containing ermF and ermB were detected in 78 % and 69 % of resistant isolates, respectively. Only 2 % of the total isolates (n=4) harbored all five genes. Of the isolates collected from manure, soil, and water samples, 12 % were confirmed as Enterococcus faecalis with 96 % of the confirmed E. faecalis isolates containing multiple resistance genes. The findings from this study are useful to provide baseline information on the export of total and tylosin-resistant enterococci during rainfall events from manured, tile-drained agricultural fields of the Upper Midwestern USA.
Introduction
Approximately one third of the land area in Iowa, USA is under subsurface drainage management (Zucker and Brown 1998) . Subsurface tile drainage systems remove excess water from the land and improve crop production in areas with hydric soils. However, these systems also have the potential to convey pollutants directly to nearby aquatic systems. Along with intensive row crop production, Iowa also leads the United States in swine production with more than 19.3 million swine produced in 2007 (USDA 2009 ). Swine waste is often stored in collection pits and periodically disposed of through land application, serving as a source of nutrients to crops, with application typically based on crop nitrogen requirements. When manure from facilities that administer antibiotics is land-applied, antibiotics and antibioticresistant bacteria can potentially be released into the environment (Chee-Sanford et al. 2009 ).
Antibiotics have been used widely in animal agriculture for several decades; between 40 and 84 % of antibiotics produced annually in the US (2000 data) are used in the animal industry (Shea 2003) . Many antibiotics are used in the swine industry at therapeutic levels to treat diseases and at sub-therapeutic levels as prophylactic and growth promoting agents added to swine feed (Cromwell 2002) . These pharmaceuticals can boost the daily growth of swine and reduce animal death rates at swine facilities, thereby enhancing overall production efficiency and increasing profitability. Several classes of antimicrobials (tetracyclines, sulfonamides, β-lactams, and macrolides) have been detected in swine waste storage lagoons with total concentrations approaching 1 mg/L (Campagnolo et al. 2002) . Of the veterinary antibiotics employed by the swine industry, tylosin is among the most widely used of the macrolide class due to its usage in treating swine dysentery and porcine proliferative enteropathies associated with Brachyspira hyodysenteriae and Lawsonia intracellularis, respectively. Typical tylosin dosage for disease treatment is 250 mg/gallon in drinking water for 3 to 10 days followed by 40 to 100 g per ton feed for 2 to 6 weeks (FDA 2006) . Up to three-quarters of the mass of antibiotics administered to animals can be excreted in urine and feces . Kumar et al. (2004) reported tylosin concentrations in swine manure to range from 0 to nearly 4 mg/L. Most of the tylosin administered to animals is excreted in waste but is converted readily in manure to its factors desmycosin (tylosin B), macrosin (tylosin C), and relomycin (tylosin D) (Kay et al. 2004) , which are still antimicrobially active.
Enterococci, recommended as an indicator of fecal contamination in water systems in the US (USEPA 1986) , are commonly found in the feces of humans and other warm-blooded animals (Jett et al. 1994) . Enterococci have been detected with elevated concentrations in surface water and groundwater located down-gradient of swine feeding operations when compared with up-gradient concentrations (Sapkota et al. 2007 ) and in runoff from land receiving animal-waste applications (Soupir et al. 2006) . In animal production, enterococci have exhibited resistance to multiple antibiotics including tylosin, erythromycin, vancomycin, avilamycin, avoparcin, quinupristin, dalfopristin, tetracycline, and gentamicin and are important pathogenic bacteria in agricultural systems (Aarestrup and Carstensen 1998; Barton 2000; Butaye et al. 2001; Thal et al. 1995) . Resistance to macrolide antibiotics is prevalent among gram-positive enterococci (Portillo et al. 2000) , and specifically, resistance to tylosin has been observed in isolates collected from swine facilities (De Graef et al. 2007 ).
Tylosin use is limited to agricultural applications while erythromycin is used by both animal producers and the medical field, and both antibiotics have similar chemical nature and mode of action against bacteria, as do other antibiotics in the macrolide group. Macrolide antibiotics are important in regards to protection of human health for treatment of bacterial infections and as an ancillary treatment in cases of allergic reactions to primary treatments . Two mechanisms of resistance to macrolide antibiotics have been recognized in enterococci, including target site modification and active efflux (Leclercq 2002) . Target site modification is mediated by an erythromycin resistant methylase (erm) which prevents macrolide binding and allows synthesis of bacterial proteins to continue (Weisblum 1995) . The active efflux mechanism (genes mefA and msrA) produces transporters to discharge macrolide antibiotics out of the cell before reaching the target (Luna et al. 1999; Chen et al. 2007; Sutcliffe et al. 1996a, b) . Enterococci exhibiting resistance to tylosin and cross-resistance to erythromycin have been previously identified by the presence of ermB (Jackson et al. 2004a) , which also confers cross-resistance to the macrolide, lincosamide, and streptogramin type B, MSL B , families of antimicrobials . This cross-resistance has been attributed to tylosin use by the swine industry, but resistance has also been observed from swine facilities where tylosin was not used (Jackson et al. 2004a; De Graef et al. 2007 ). Jackson et al. (2004a) determined that tylosin resistance may be either intrinsic, as identified by a majority of ermB sequences located on chromosomes, or acquired, as a few genes were located on plasmids or other yet unidentified mobile genetic elements. The minimum inhibitory concentration (MIC) of tylosin for enterococci has been previously described as >32 mg/L (NARMS 2005; Kaukas et al. 1988) ; however, others have identified MIC levels >256 mg/L (Butaye et al. 2001; De Graef et al. 2007) .
Rainfall facilitates the movement of pathogens through the soil, and into surface and groundwater (Auckenthaler et al. 2002) . Antibiotic-resistant bacteria from manure sources move into soil and contaminate subsurface water via preferential flow through soil macropores such as cracks, holes formed by plant roots or earthworms or other voids in the soil (Shipitalo and Gibbs 2000) , and fractures in karsts areas (Auckenthaler et al. 2002) . Previous studies have shown that transport via macropores is one of the main pathways for bacteria to move into subsurface waters and possibly groundwater (Abu-Ashour et al. 1998; Beven and Germann 1982) . Macropore continuity resulted in greater bacteria concentrations in no-till soils than in tilled soils (Gagliardi and Karns 2000) and the occurrence of bacteria below the crop root zone and in ground waters.
Although the occurrence of antibiotic-resistant bacteria in soils and waters near swine operations has been reported widely (Graham et al. 2009; Jindal et al. 2006; Koike et al. 2007) , relationships between the source and the resistant microorganism in the stream typically are inferred due to farm and sample location (Sapkota et al. 2007 ) instead of a clearly established hydrologic link. Others have worked to improve understanding of the fate and transport of antibiotic-resistant bacteria through soil and water systems (Chee-Sanford et al. 2009 ). However, a focused study connecting the release of antibioticresistant bacteria from manure-amended soils and transport into tile lines is lacking. If resistant microorganisms are transported through macropores and into tile lines, the tile lines will facilitate the transport of these organisms to surface waters, creating a risk to public health due to potential exposure through swimming and recreational activities. The objectives of this study were to (1) detect and quantify the occurrence of tylosin-resistant enterococci in manure from swine facilities feeding tylosin at sub-therapeutic doses, soils amended with swine waste, and tile drain flow from swine waste amended agricultural fields; (2) assess the effects of flow and transport of total suspended solids on the prevalence of total and tylosin-resistant enterococci in tile water; (3) characterize enterococci isolates for known macrolide resistant genes using polymerase chain reaction (PCR); and (4) screen enterococci isolates for known pathogens, Enterococcus faecalis and Enterococcus faecium. Results from this study will further increase our understanding of the occurrence and transport of tylosin-resistant enterococci from tile-drained lands receiving swine waste applications and the potential downstream risk to human health.
Materials and Methods

Study Site and Sample Collection
Field experiments were conducted at the Iowa State University Research Farm near Nashua, IA. A total of 36 plots are available at this field station. Each plot is 67 m by 58.5 m and managed with consistent tillage practices under corn-soybean crop rotation since 1978 (Bakhsh et al. 2005) . The study was performed in spring and fall 2009. Two plots (plot 20 and plot 25 described previously by Ma et al. 2007 ) were selected for this study because (1) these plots are under no-till management, (2) the year the current study was performed in, the planting crop in the corn-soybean rotation was corn, which allowed for nitrogen (N)-based manure application, and (3) the plot locations had convenient access to irrigation water and power to operate a rainfall simulator. Soils at the site are classified as poorly to moderately well drained with Floyd loam in plot 20 and Kenyon loam in plot 25 (USDA, NRCS, 1995) . During the study period, the water table varied from 1 to 2 m below the ground surface. Each plot was drained separately with subsurface drainage pipes (10 cm diameter) installed at 1.2 m below ground surface and located in the center of the plot. Tile lines were spaced 28.5 m apart, and border tiles were installed between plots to prevent contamination and crossover flow (Kanwar et al. 1999) . The tile lines were connected to sumps for measuring tile drainage flow and collecting water samples as described by Kanwar (2006) .
Swine manure was collected from a manure pit located under a growing/finishing confinement facility. Tylosin was administered along with feed rations at the facility (norms of farm practices) at an estimated rate of 40 μg/g. This estimation is based on personal communication with the farm manager (personal communication, Carl Pederson) , and the rate falls within the guidelines proposed by the U.S. Food and Drug Administration (FDA 2006) . A sub-area of 30.5 m by 30.5 m (929 m 2 ) containing a tile line in the center was selected within each plot and swine manure was applied in the spring before planting and in the fall after harvest at a rate of 168 kg N per ha (Kanwar 2006) . Half of the N was applied to the experimental areas in April (spring) and the other half in November (fall) at rates of 18,662 and 13,478 L/ha, respectively, less than 24 h prior to each rainfall simulation. Injection knives placed the manure in a concentrated, vertical band below the soil surface with 76.2 cm spacing between bands. During each simulation, a manure sample was collected from the injector during application, and two composite soil samples were collected before and after manure application using a soil probe. A composite soil sample for each plot was created by mixing three replicate soil cores of 10 cm in depth from three locations within the plot. Manure and soil samples were transported to the laboratory on ice and stored for less than 24 h at 4°C prior to analysis.
A linear-moving irrigation system was used to apply groundwater, a standard source of irrigation water, to the soil surface of the test area immediately after manure application. The nozzles (Nelson Irrigation Corporation, Walla Walla, WA) with orifice diameters of 8.7 mm were fixed every 3 m on the boom and were directed vertically downward, spraying water within a 9-mradius disk. In a stationary state, a rainfall intensity of 5.6 cm/h was obtained; however, under field conditions, the effects of wind and motion reduced the intensity to an average of 5.1 cm/h. The speed set for the irrigation system determined the duration of the rainfall simulation. At 25 % speed, the rainfall simulator moved over the length of 30.5 m of test area in approximately 1 h. For both simulations, the rainfall simulator moved back and forth over the test area for 90 min with two runs: The first run lasted for 1 h (25 % speed) and the second run 30 min (50 % speed). A data logger was connected to the water flow meter at the tile drain outlet to record the time and cumulative flows in volumetric increments of 14.2 L (0.5 ft 3 ) of drained water. During the spring simulation, water sampling began at the onset of flow in the tile drain, which occurred 53 min after the initiation of the rainfall simulation. During the fall simulation, base flow was present prior to the start of the experiment, so water sampling was initiated at the beginning of the rainfall simulation. Grab samples of drain flow were collected every 4 to 7 min in the first hour after the start of flow. The time between samples collection varied due to the time required to collect the sample, which was based on tile flow rate. After the first hour, samples were collected every 15 to 60 min. All samples were collected in 150-mL sterile polypropylene bottles, transported to the laboratory on ice, and stored for less than 24 h at 4°C prior to analysis. A total of 25 water samples in spring and 30 samples in fall were collected, including base-flow and irrigation water prior to each simulation.
Sample Analysis
Manure, soil, and water samples were enumerated for enterococci and enterococci-resistant to tylosin using the membrane filtration method (American Public Health Association 1998). Soil and manure samples were serially diluted with phosphate-buffered water prior to filtration (Hach Company, Loveland, CO). Buffered water was prepared according to manufacturer's instructions by adding 1 pillow of magnesium chloride and 1 pillow of potassium dihydrogen phosphate to 1 L of dissolved water and autoclaved for 15 min at 121°C (American Public Health Association 1998). Manure samples were diluted to 10
, and soil sample were diluted to 10
. All samples were then filtered through a sterile, white, grid-marked, 47-mm-diameter membrane (Millipore, Billerica, MA, pore size, 0.45±0.02 mm). Total enterococci and tylosinresistant enterococci concentrations were determined by enumerating colony forming units (cfu) present on m Enterococcus (mE) agar (Difco, Detroit, MI) without tylosin (control) and supplemented with tylosin at 35 mg/L following the procedures described by Kaukas et al. (1988) . The MIC of tylosin for enterococci was chosen based on findings from the National Antimicrobial Resistance Monitoring System (NARMS) reports (NARMS 2005) . Agar was mixed with a stock solution made from tylosin tartrate (Sigma-Aldrich, St. Louis, MO, 85 % purity) by dissolving the tylosin in 10 mL methanol (100 % purity). After filtration, the samples were placed onto the media and incubated at 35 ±0.5°C for 48 h. All samples were analyzed in triplicate. Colonies enumerated on control media accounted for the total enterococci population and colonies enumerated on tylosin infused media accounted for tylosin-resistant enterococci. One manure sample from the fall simulation was analyzed for macrolides which were extracted using ultrasonic extraction followed by solid-phase partitioning and positive ion electrospray on a Thermo-Finnigan LCQ ion trap LC/MS/MS as described by Snow et al. (2003) . Water samples were also analyzed for total suspended solids (TSS) by filtering samples through a 0.45 μm glass fiber filter (Pall Life Sciences, Ann Arbor, MI) following EPA method 160.2 (USEPA 1999).
A total of 200 enterococci isolates were selected from the membrane filters and phenotypically verified following the procedure described in EPA method 1600 (U.S. EPA, 2002) . Typical and atypical enterococci colonies were selected from mE agar of swine manure, soil, and tile water. Colonies with a dark pink halo after incubation on mE agar are considered to be "typical" enterococci colonies. Grampositive cocci that grew and hydrolyzed esculin on Bile Esculin Agar (EMD Chemicals, Gibbstown, NJ), in brain heart infusion broth (BHIB) with 6.5 % sodium chloride (EMD Chemicals, Gibbstown, NJ) at 35°C±0.5°C, and BHIB at 45°C±0.5°C were confirmed as enterococci. All isolates were also confirmed by a gram stain and microscopic analysis (Nova, Portland, OR).
Detection of Tylosin Resistance Genes by PCR
Two hundred isolates that were confirmed as enterococci and exhibited phenotypic resistance to tylosin were selected for analysis by PCR. Colonies isolated on mE agar from swine manure, soil, and tile water samples in each simulation were grown on BHI agar before DNA extraction and PCR analysis. The number of isolates preserved differed in the spring and the fall because of the difference in available enterococci colonies on mE agar (Table 1) . Isolates were inoculated into 1 mL of BHIB and incubated at 37°C for 24 h.
Genomic DNA was extracted from the cells in the broth culture using DNeasy Blood & Tissue Kits (QIAGEN, Valencia, CA). The PCR templates were prepared with a total reaction volume of 20 μL containing 0.5 μL DNA concentration, 10 μL Taq PCR Master Mix (QIAGEN, Valencia, CA), 0.2 μL of each primer, and 9.1 μL DNA-free water. The extracted DNA was amplified with primers specific for macrolide resistance genes (ermA, ermB, ermC, ermF, ermT, ermX, mefA, and msrA) (Portillo et al. 2000) as described in Table 2 . Forward and reverse primers were purchased from Eurofin MWG Operon (Huntsville, AL). Escherichia coli strains with erm resistance genes cloned into plasmids and the msrA carried on a plasmid in Staphylococcus aureus were purchased from Dr. Marilyn Roberts (University of Washington) and used as positive controls (Table 2 ). The negative control was E. faecalis ATCC 29212. The PCR conditions for all resistance genes consisted of an initial denaturation of 95°C for 5 min, followed by 35 cycles of 1-min of denaturation at 95°C, 1 min of annealing at the temperature specified in Table 2 , and 1 min of extension at 72°C; followed by a final extension at 72°C for 7 min. Both positive and negative controls were run with each assay. Each PCR reaction was carried out in a C1000 Thermal Cycler (Bio-Rad, Hercules, CA). Following PCR amplification, PCR products were run on 1 % or 1.2 % 1xTAE-agarose gel (Fisher Scientific, Fair Lawn, NJ) and visualized by SYBR Safe staining under UV light using a Syngene UGenius Gel documentation system (Syngene, Frederick, MD). The PCR product size was estimated by standard molecular weight markers (1 kb Plus DNA Ladder from USB Cooperation, Cleveland, OH). Gels were analyzed using GeneTools software (Syngene, Cambridge, UK) to confirm the size of the PCR products.
The same isolate collection was screened for E. faecalis and E. faecium as described by Jackson et al. (2004b) . The PCR templates were prepared by suspending a single bacterial colony in 100 μl sterile water and boiling the cells at 95°C for 15 min. PCR master mixes containing primers for E. faecalis and E. faecium were prepared ( Table 2 ). The 20-μl reactions containing: 0.5 μl boiled cells, 10 μl 2× Taq PCR Master Mix (Qiagen, Valencia, CA), 0.2 μl each primer, and 8.7 μl RNase-free water were performed in 96-well plates. Positive and negative controls were run with each assay. Amplification was conducted in a BioRad iCycler Thermocycler (BioRad, Hercules, CA) with initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 30 s, and extension at 72°C for 3 min, and a final extension at 72°C for 7 min. The 8 μl of PCR product was analyzed on 1 % TAE agarose with ethidium bromide staining and 1 kb Plus DNA ladder as a standard (Invitrogen, Carlsbad, CA). 
Calculations and Statistical Analysis
The percentage of resistant enterococci in any sample was calculated as the ratio between tylosin-resistant concentration and total enterococci multiplied by 100. Loads were calculated for total enterococci and tylosin-resistant enterococci in each experiment using accumulated drainage flow and enterococci concentrations. The flowweighted enterococci loads per hectare (cfu/ha) were determined by multiplying the enterococci concentrations by the flow volume and then divided by the area (hectare) receiving swine waste application. Statistical analysis of data was performed using R project software, version 2.8.1 (founded by the R Development Core Team). A ttest was conducted to test for the difference between total enterococci and tylosin-resistant enterococci concentrations and loadings during the two simulations. Significance was determined at the p<0.05 level.
The null hypothesis corresponded to no difference in the concentrations or loadings of enterococci in tile water among the treatments. A Pearson correlation analysis was used to measure the linear relationship between enterococci concentrations and TSS content in tile water.
Results and Discussion
Occurrence of Enterococci and Tylosin-Resistant
Enterococci in Manure, Soil, and Drainage Water Enterococci concentrations were highest in swine manure, averaging 5.8×10 5 cfu/100 mL for total enterococci and 5.2×10 5 cfu/100 mL for resistant enterococci over the two simulations. Higher enterococci concentrations were detected in soil samples collected in the spring. After manure application to the no-till plots, enterococci concentrations in soil averaged 9.8×10 3 cfu/g (wet weight basis) of soil for total enterococci and 7.5×10 3 cfu/g of soil for tylosin-resistant enterococci, but concentrations were zero or minimal prior to application (Table 3 ). The very low background enterococci concentrations are likely explained by the manure management practices at the field site. Because the manure is knife injected into the fields in bands every 2 years, it is possible the complete die-off of the enterococci from the previous manure application occurred. It is also likely however that, during soil sample collection, the samples were not collected from the band areas where manure was applied 2 years ago, and thus any remaining enterococci was not accounted for. The fraction of enterococci that were resistant to tylosin differed between seasons. During the spring simulation, all enterococci were resistant in the manure samples, but after manure application, 76 % of the enterococci in soil were resistant to tylosin. However, during the fall simulation, only 68 % of total enterococci in the manure sample were resistant while 79 % of enterococci in soil after manure application were resistant to tylosin. The variation in percent resistant enterococci in manure between seasons is to be expected based on the manure management practices at the facility (Chen et al. 2007) . Tylosin is administered to the swine for 16 out of the 20 weeks of each animal rotation, with an average of 2.5 rotations per year (personal communication, facility manager). Information was not available regarding the tylosin administration practices at the time of manure collection, but the two samples that were analyzed for macrolide concentrations were collected at the time of manure application. Tylosin (38 μg/L), tiamulin (48 μg/L), and tilmicosin (482 μg/L) were detected in a single manure sample collected from the fall study, but oleandomycin, lincomycin, and erythromycin were not detected.
Our results are also consistent with previous findings on the occurrence of antibiotic-resistant bacteria in manure and soils. The use of tylosin at sub-therapeutic concentrations will select and increase resistance to macrolides in enterococci living in the intestinal tract of pigs (Aarestrup and Carstensen 1998; Jackson et al. 2004a ). Jindal et al. (2006) found that up to 70 % of total fecal streptococci detected in swine lagoons were resistant to tylosin. Onan and LaPara (2003) found that an increased proportion of tylosin-resistant bacteria were detected in fields amended with cattle, swine, and chicken manure associated with sub-therapeutic use of antibiotics when compared with fields where organic manure was applied. Tylosin administration rates were only reported for one of the facilities, a cattle feedlot, where feed was supplemented at a rate of 240 g/ton. The study showed that proportion of the tylosin-resistant population to the total bacterial population in three soils affected by antibiotics ranged from 7.2 to 16.5 % while only 0.7-2.5 % of total bacteria were resistant to tylosin in control soils.
The occurrence of total enterococci and tylosinresistant enterococci in water samples during each simulation followed similar trends (Fig. 1) . The peaks of enterococci concentration in drainage water occurred within the first 2 h after water sampling started in both simulations. During the spring, concentrations in drainage water peaked 80 min after initiation of flow. Peak concentrations for total and tylosin-resistant enterococci were 5.0×10 3 cfu/100 and 1.2×10 3 cfu/100 mL, respectively (Fig. 1a) . Concentrations decreased rapidly during the 170 min following the peak, and then total enterococci concentrations stabilized while tylosin-resistant enterococci concentrations became nearly non-detectable (1.3×10 1 cfu/100 mL). Hydrologic conditions varied during the fall due to the presence of baseflow prior to manure application and the artificial rainfall simulation. No enterococci or tylosinresistant enterococci were detected in the base-flow before manure application in the fall. While a control plot which did not receive manure applications was not available for this study, the lack of enterococci detected in soil samples prior to manure application or in base flow samples prior to initiation of the simulated rainfall supports our assumption that the detected enterococci and tylosin-resistant enterococci are from the overlying soils. During the fall, enterococci concentrations peaked twice (Fig. 1b) . The first peak occurred 45 min after the start of sampling and the second after 110 min. The second peak was approximately half the concentration of the first. Peak concentrations for total and tylosin-resistant enterococci were 2.6×10 3 cfu/100 mL for total enterococci and 1.4×10 3 cfu/100 mL for resistant enterococci.
In general, enterococci concentrations in spring were much greater than in fall for all samples. This is likely due to the higher manure application rate in the spring (18,662 L/ha) than in the fall (13,487 L/ha) and dilution due to baseflow. Similar to the findings from this study, Warnemuende and Kanwar (2002) determined that enterococci concentrations in leachate from soil columns receiving manure had a close relationship with manure application rates and timings: Higher manure application rates caused elevated enterococci concentrations in drainage water, and more enterococci were observed during the spring than the fall under the same application rate. However, other factors also were likely to influence this observation as the soils also differed between the two plots.
The differences between total enterococci and tylosin-resistant enterococci concentrations were statistically significant for both spring and fall experiments (P≤0.0001). Although the occurrence of antibiotic resistant bacteria have been well documented in surface or ground water (Chee-Sanford et al. 2001; Koike et al. 2007; Oliveira and Pinhata 2008; Watkinson et al. 2007 ), very little research has been conducted to detect the presence of macrolide-resistant bacteria in tile drainage water. The sources of resistant bacteria are often inferred due to the proximity of swine operations to (Koike et al. 2007) or water sampling points located down-gradient of swine farms (Sapkota et al. 2007 ). Our results showed that tylosin-resistant enterococci were present in swine manure (84 % resistant), soil amended with swine waste (78 % resistant), and tile-drainage water during a simulated rainfall event (48 % resistant; Table 1 , Fig. 1 ).
Other studies have determined that the tylosin concentration in runoff from manure-applied fields is not sufficient for enterococci to acquire resistance. For this study, tylosin concentrations in spring manure was detected at 122 μg/L, over three times greater than that in the fall (38 μg/L), but concentrations are very low compared with the tylosin MIC for Enterococcus (>32 mg/L) (NARMS 2005) . Tylosin concentrations in tile flow was not measured in this study, but surface runoff concentrations have previously been observed at 6.0 μg/L as reported by Dolliver and Gupta (2008) or nondetectable in soil and drainage water from lands receiving pig slurry (Kay et al. 2004) . This implies that the tylosin concentrations in these pools are not high enough to favor development of resistant bacteria. The mechanisms of antibiotic resistance and potential environmental gene transfer are beyond the scope of this work, primarily because the fate of resistant genes as well as their mobility in the environment is largely unknown (Chee-Sanford et al. 2009 ). Salyers and Amabile-Cuevas (1997) describe the persistence of antibiotic resistance even after the removal of antimicrobial agents, and that may explain the persistence of phenotypic resistance in enterococci isolates collected from tile water samples.
Relationship Between Enterococci and Tylosin-Resistant Enterococci Transport and Flow
Due to high flows including the presence of base-flow during the fall simulation, the magnitude of enterococci concentrations in drainage-water samples were nearly half of the concentrations observed during the spring simulations. In the spring, drain flow peaked 22 min after the onset of flow at the outlet of the tile line, 58 min before the peak enterococci concentration (5.0×10 3 cfu/100 mL; Fig. 1a) . After the peak, the flow decreased gradually while enterococci concentrations continued to increase until 80 min after the initiation of flow. Flow in the tile drain occurred only after artificial rainfall, and the observed range was between 11.2 and 44.7 L/h. During the fall simulation, a delay of 25 min was observed between the peak enterococci concentrations (2.6×10 3 cfu/100 mL) and peak flow rate (Fig. 1b) . Drain flow varied from 0 to 291 L/h. The second peak flow occurred 135 min after the beginning of the rainfall simulation at 291 L/h and was nearly four times greater than the magnitude of the first peak (76.3 L/h) with a lower concentration of enterococci. Higher flows correlate with lower enterococci concentrations likely because of dilution by drainage water.
The enterococci load on a per hectare basis is presented in Fig. 2 . Load calculations consider the impacts of tile flow on total microorganism transport. Greater tile flow in the fall with the presence of baseflow during the experiment of 29.9 L/h resulted in a greater magnitude of enterococci loadings in fall than in spring. In the spring, 23 % of accumulate enterococci load per hectare were tylosin-resistant while, in the fall, 73 % were resistant. Statistical analysis found significant differences between total and resistant enterococci loads (p<0.00001) during both simulations.
In addition to hydrologic impacts, other field conditions that differ between the two plots such as soil type, macropore continuity in the soil system, and antecedent soil moisture content can also impact bacteria transport (Shipitalo and Gibbs 2000) . Both soils of the two plots are classified as a loam; however, the Kenyon soil in plot 25 (spring experiment) usually occurs on convex ridge crests or side slopes which may result in low moisture while the Floyd soil in plot 20 (fall experiment) are often found in the lower sides of slopes (USDA and NRCS, 1995) . Application of slurry manure may contribute to the increase of earthworm populations and thus increase macropore density in soil (Friend and Chan 1995) . The hydraulic connection between the soil surface and subsurface drains created by macropores could enhance movement of enterococci to tile drainage as they bypass the soil matrix. A greater number of macropores were detected by smoke tests in the fall than in the spring (Chi Hoang, personal communication, Iowa State University, 27 April 2010, data not shown), which is likely due to a combination of fresh macropores from worm activity and plant growth during the previous growing season and higher soil moisture content following the rainy season. Formation of cracks due to dry soil conditions may provide a direct vertical route to subsurface drains (Harris et al. 1994 ) and may also play a similar role in increasing enterococci transport. During the spring, the macropores or their interconnectivity may have been impaired or filled with soil over the winter (McIntosh and Sharratt 2003) and potentially decreased enterococci transport.
Several other factors could also impact the transport of resistant enterococci from waste-amended soils such as manure characteristics and application methods. The higher concentrations and more diverse bacterial species in manure, the more likely that a fraction will be transported through the soil column (Unc and Goss 2004) . Injection of liquid manure into soil could contribute to the rapid movement of bacteria through soil immediately after manure application (Guber et al. 2005) ; other possible causal factors include bacterial decay or bacterial attachment to soil particles during the processes of flow migration through macropores (Beven and Germann 1982) . Attachment of bacteria onto soil particles retains and attenuates their transport to tiledrainage waters (Cook and Baker 2001; Rysz and Alvarez 2006) .
Relationship Between Enterococci Concentration and TSS
Our results suggest a relationship between TSS and enterococci concentrations in the subsurface drainage water. Total suspended solids concentrations during the fall ranged from 0 to 370 mg/L whereas, in spring, the TSS concentrations were much higher, ranging from 0 to 580 mg/L. The TSS concentration curve was similar to the enterococci concentration curves during the fall but different during the spring (Fig. 3) . During the spring simulation, TSS first peaked at 7 min after drain flow began due to resuspension of accumulated sediment in the tile lines. Subsequently, TSS concentration decreased while enterococci concentrations increased and peaked 80 min after tile flow began. After enterococci concentrations peaked, the TSS in water samples increased and reached a second peak that coincided with the total enterococci concentration peak, but lagged behind the peak of tylosin-resistant enterococci concentration by 25 min. It is possible that the initial peak of total enterococci represented a flush of background enterococci persistent in soils receiving repeated manure applications while the observed lag of tylosin-resistant enterococci was derived from the freshly applied manure. During the fall, the pattern of TSS concentrations was similar to the pattern of enterococci concentration with two peaks occurring coincidently (45 and 110 min after the start of sampling). The first enterococci peak (2.6×10 3 cfu/100 mL for total enterococci, 1.4×10 3 cfu/100 mL for resistant enterococci) was greater than the second peak (1.1×10 3 cfu/100 mL for total enterococci, 9.0×10 2 cfu/100 mL for resistant enterococci) while the first TSS peak (282 mg/L) was less than the second (373 mg/L).
TSS concentrations during the fall experiment were much lower than those during the spring experiment because of the presence of base flow. The shape of the TSS curve matched the hydrograph of drain flow and enterococci concentration curves (Figs. 2 and 3) . A good correlation (R 2 >0.65) between TSS concentration and total enterococci and resistant concentrations during the fall experiment indicated that, with the presence of high drainage flow, enterococci concentrations are potentially related to sediment content in the water (Fig. 4) . Poor correlation was found between TSS and enterococci concentrations in spring simulation likely because of the absence of base flow. Associations between TSS and enterococci transport could imply particulate Resistant gene detection frequencies of enterococci isolates from manure, soil, and tile water samples in spring and fall simulations mediated transport through macropores (Boxall et al. 2002) , which has also been observed in recent surface runoff studies (Soupir et al. 2010) . Sediments in streams provide an environment suitable for the extended survival and possible growth of fecal microorganisms (Davies et al. 1995; Sherer et al. 1992 .5 % were positive for ermT, and only 18 isolates (9 %) contained ermC. Only two enterococci isolates from tile water in spring were positive for ermX, and one isolate from spring manure harbored ermA. The mefA gene was not detected in any of enterococci isolates perhaps because of the different geographical distribution of mef genes in Enterococcus (in Spain) which was observed by Portillo et al. (2000) . Four strains representing 2.0 % of the total strains tested contained all five genes. The results showed that each isolate contained at least one macrolide-resistant gene, and phenotypic results were confirmed by molecular analysis. Detection of resistance genes by PCR amplifications in manure, soil, and tile water isolates confirmed the transport of resistant bacteria from the swine manure source as demonstrated by the similar percentages of resistant genes among all three matrices (Fig. 5) . Our findings indicate that both resistance mechanisms to tylosin (target site modification and active efflux) occurred in enterococci, which is consistent with previous studies (Chen et al. 2007; Sutcliffe et al. 1996b ).
The efflux mechanism coded by the msrA gene ) was detected in 103 of 108 strains (95 %) during the spring experiment and 91 of 92 strains (99 %) during the fall experiment. The ermB gene, described by Chen et al. (2007) and Graham et al. (2009) as the most prevalent macrolide-resistant gene in enterococci, occurred in approximately 69 % of the total isolates tested. Chen et al. (2007) examined the presence of six erm genes in bovine manure, swine manure, compost of swine manure, swine waste lagoons, and a swine manure biofilter using real-time PCR. In samples isolated from swine farms, ermB was found in 95 % of erythromycin-resistant enterococci. The authors also reported high abundance of ermF and ermT in swine manure samples and low detection of the ermC gene in all samples. The prevalence of ermF in our study was found slightly more frequently than that of ermB which differed from results previously report by Chen et al. (2007) where ermF was only slightly lower than that of ermB.
3.5 Screening of Isolates Collected from Manure, Soil, and Water Samples for E. faecalis and E. faecium
The isolate collection was also screened for the two enterococci species which are the most commonly associated with disease in humans, E. faecalis and E. faecium. Of the isolates collected from manure, soil, and water samples, 8 % (5/63), 27 % (7/26), and 10 % (11/107), respectively, were confirmed as E. faecalis (12 % of the isolate collection). None of the isolates were confirmed as E. faecium. Ninety six percent (22/23) of isolates confirmed as E. faecalis contained multiple resistance genes. The ermB gene was present in 83 % (19/23) of isolates; ermC was present in 4 % (1/23) of isolates; ermF was present in 74 % (17/23) of isolates; ermX was present in 4 % (1/23) of isolates, and msrA was present in 96 % (22/23) of isolates. The occurrence of the resistance genes in the E. faecalis isolates followed a similar trend as the occurrence of the resistance genes in the total isolate collection (Fig. 5) . Jensen et al. (1999) used PCR to detect the presence of erm genes in gram-positive human and animal isolates in Denmark. Overall, 88 % of enterococci isolates (from all origins) tested positive for ermB. When analyzing only the isolates collected from pigs, ermB was detected in 86 % (31/36) isolates while ermA and ermC were not detected.
Conclusions
This research broadens our knowledge about the occurrence of tylosin-resistant enterococci in manure from swine facilities administering tylosin at subtherapeutic doses, in soil receiving swine manure, and in tile water collected shortly after manure application during two seasons. In manure, at least 68 % of total enterococci were resistant to tylosin phenotypically. Concentration of enterococci in soils was zero to minimal before swine manure was injected into the field, but following manure application, 76 to 79 % of the enterococci in soil were resistant to tylosin. Significant differences were observed when comparing concentrations and cumulative loadings between total and resistant enterococci in tile water in each experiment. The findings also suggest a potential link between sediment content and enterococci transport in tile water via a good correlation between TSS and enterococci concentrations (R 2 >0.65) when base flow is present. The resistant enterococci harbored several different genes encoding for tylosin resistance including ermA, ermB, ermC, ermF, ermT, ermX, and msrA. The msrA gene was the most frequently detected resistant gene over the two simulations with 97 % detection, followed by ermF (79 %) and ermB (69 %). At least one gene was present in each enterococci isolate, indicating that resistance to tylosin in enterococci can be encoded by several macrolide-resistant genes representing both target site modification and active efflux mechanisms. Of the isolates collected from manure, soil, and water samples, 12 % were confirmed as E. faecalis with 96 % containing multiple resistance genes.
Quantitative PCR is recommended in future work to measure concentration of resistance genes in environmental samples, since the detected genes likely reside in other environmental microorganisms. A longer-term study is also recommended to study transport pathways of resistant bacteria over a wider range of rainfall patterns and with greater time between manure application and sample collection.
